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Quantitative tests of hadronic interaction models with
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Abstract. Quantitative tests of hadronic interaction
models are described. Emphasize is given on the
models EPOS 1.61 and QGSJET II-2. In addition,
a new method to measure the attenuation length of
hadrons in air showers is introduced. It turns out that
this method is in particular sensitive to the inelastic
cross sections of hadrons.
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I. I NTRODUCTION

Measurements of air shower detectors are usually
interpreted with an air shower model to obtain physical
properties of the shower inducing primary particles.
Modern detector installations, such as the KASCADE-
Grande experiment comprise well calibrated particle
detectors installed with high spatial density. The sys-
tematic uncertainties are dominated by uncertainties of
the models used to interpret the data. For air shower
interpretation the understanding of multi-particle pro-
duction in hadronic interactions with a small momentum
transfer is essential [1]. Due to the energy dependence
of the strong coupling constantαs, soft interactions
cannot be calculated within QCD using perturbation
theory. Instead, phenomenological approaches have been
introduced in different models. These models are the
main source of uncertainties in simulation codes to

calculate the development of extensive air showers, such
as the program CORSIKA [2].

The test of interaction models necessitates detailed
measurements of several shower components. The KAS-
CADE experiment [3] with its multi-detector set-up,
registering simultaneously the electromagnetic, muonic,
and hadronic shower components is particularly suited
for such investigations. The information derived on
properties of high-energy interactions from air shower
observations is complementary to measurements at ac-
celerator experiments since different kinematical and
energetic regions are probed.

In the energy range of interest, namely1014 to
1017 eV, the composition of cosmic rays is unknown.
Therefore, primary protons and iron nuclei are taken
as extreme assumptions and corresponding predictions
are calculated for different interaction models. The mea-
sured data should be in between the results for the
extreme assumptions. If the data are outside the proton-
iron range for an observable, this is an indication for
an incompatibility of the particular hadronic interaction
model with the observed values.

II. EXPERIMENTAL SET-UP

KASCADE consists of several detector systems [3].
A 200×200 m2 array of 252 detector stations, equipped
with scintillation counters, measures the electromagnetic
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Fig. 1: Number of electrons as predicted by the hadronic
interaction models QGSJET II-2 and QGSJET 01 as
function of shower energy.

and, below a lead/iron shielding, the muonic parts of air
showers. An iron sampling calorimeter of16 × 20 m2

area detects hadronic particles [4]. It has been calibrated
with a test beam at the SPS at CERN up to 350 GeV
particle energy [5]. For a detailed description of the
reconstruction algorithms see [6].

The shower simulations were performed using COR-
SIKA. Hadronic interactions at low energies (Eh < 80
and 200 GeV, respectively) were modeled using the
GHEISHA [7] and FLUKA [8], [9] codes. Both models
are found to describe the data equally well [10]. High-
energy interactions were treated with different models
as discussed below. In order to determine the signals in
the individual detectors, all secondary particles at ground
level are passed through a detector simulation program
using the GEANT package [11]. For details on the event
selection and reconstruction, see Ref. [10], [12], [13].

III. E ARLIER TESTS

Several hadronic interaction models as implemented
in the CORSIKA program have been systematically
tested over the last decade. First quantitative tests [14],
[15], [16] established QGSJET 98 [17] as the most
compatible code. Similar conclusions have been drawn
for the successor code QGSJET 01 [10].

Predictions of SIBYLL 1.6 [18] were not compatible
with air shower data, in particular there were strong in-
consistencies for hadron-muon correlations. These find-
ings stimulated the development of SIBYLL 2.1 [19].
This model proved to be very successful, the predictions
of this code are fully compatible with KASCADE air
shower data [20], [21], [10].

Investigations of the VENUS [22] model revealed
some inconsistencies in hadron-electron correlations
[16]. The predictions ofNEXUS 2 [23] were found to
be incompatible with the KASCADE data, in particular,
when hadron-electron correlations have been investi-
gated [10].

Analyses of the predictions of the DPMJET model
yield significant problems in particular for hadron-muon
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Fig. 2: Hadronic energy sum as predicted by the hadronic
interaction models QGSJET II-2 and QGSJET 01 as
function of shower energy.

correlations for the version DPMJET 2.5 [24], while the
newer version DPMJET 2.55 is found to be compatible
with air shower data [10].

Presently, the most compatible predictions are ob-
tained from the models QGSJET 01 and SIBYLL 2.1.

IV. H ADRONIC MODEL EPOS

Recently, predictions of the interaction model
EPOS 1.61 [25], [26], [27] have been compared to KAS-
CADE air shower data [12]. This model is a recent de-
velopment, historically emerging from the VENUS and
NEXUS codes. The analysis indicates that EPOS 1.61
delivers not enough hadronic energy to the observation
level and the energy per hadron seems to be too small.
Most likely, the incompatibility of the EPOS predictions
with the KASCADE measurements is caused by too
high inelastic cross sections for hadronic interactions
implemented in the EPOS code.

These findings stimulated the development of a new
version EPOS 1.9 introduced at this conference [28].
Corresponding investigations with this new version are
under way and results are expected to be published soon.

V. HADRONIC MODEL QGSJET II

Also predictions of QGSJET II-2 [29], [30], [31] have
been investigated. As discussed above, QGSJET 01 is
found to be the most reliable interaction code. Thus,
in the following, it serves as reference model and the
results can easily be compared to previous publications
[16], [10]. The simulations for primary protons and
iron nuclei predict about equal numbers of muons as
function of energy for QGSJET II and for QGSJET 01.
QGSJET II predicts about 20% to 25% more electrons
on observation level at a given energy for both primary
species relative to QGSJET 01, see Fig. 1. Also the
number of hadrons at ground level at a given energy is
larger by about 30% to 35% for proton and iron induced
showers. The hadronic energy sum and the maximum
hadron energy registered at observation level are shown
in Figs. 2 and 3, respectively. The values predicted using
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Fig. 3: Maximum hadron energy sum as predicted
by the hadronic interaction models QGSJET II-2 and
QGSJET 01 as function of shower energy.
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Fig. 4: Relative difference to measured values of
the hadronic energy sum as predicted by the models
QGSJET II-2 and QGSJET 01.

QGSJET II exceed the ones from QGSJET 01 by a
significant amount (up to≈ 40%), as can be inferred
from the figures.

The predicted values have been compared to measured
data. Investigating the hadronic energy sum and the max-
imum hadron energy as function of the registered muon
number indicates that the predictions for QGSJET II
are compatible with the measurements. The measured
values are in between the predictions for the extreme
assumptions for proton and iron induced showers. Also
the correlation between the hadronic energy sum and
the number as hadrons as well as the maximum hadron
energy and the number of hadrons are compatible with
the measurements.

The situation is different for the correlation between
the hadronic energy sum and the number of electrons,
see Fig. 4. The figure displays the relative deviation of
the predicted values from the measured values, i.e. the
quantity (

∑

Esim
h −

∑

Emeas
h )/

∑

Emeas
h is shown.

That means the data are at the ”zero line”. The predic-
tions of QGSJET 01 are compatible with the data, since
the values bracket the zero line. On the other hand, the
predictions of QGSJET II are above the zero line for
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Fig. 5: Energy of the most energetic hadron recon-
structed at observation level. Predictions of QGSJET II
are compared to measured values.

both primary species – an unrealistic scenario.
The energy of the most energetic hadron reconstructed

at observation level is depicted in Fig. 5 for an electron
number interval corresponding to a primary energy of
about 1 to 2 PeV. Predictions of simulations according
to QGSJET II for primary protons and iron nuclei are
compared to measured values. It can be recognized that
for high maximum hadron energies the measured values
are in between the predictions for proton and iron-
induced showers. On the other hand, QGSJET II predicts
too few hadrons with low energies. A similar behavior
is observed for other electron number intervals.

In summary, the investigations reveal incompatibil-
ities in the hadron-electron correlation for the model
QGSJET II-2.

VI. ATTENUATION LENGTH

Recently, a new method to determine the attenua-
tion length of hadrons in air has been introduced, see
Ref. [13]. The energy absorbed in a material within
a certain atmospheric depthX is used to define an
attenuation length. In this new approach we use the
number of electronsNe and muonsNµ to estimate
the energy of the shower inducing primary particleE0.
The energy reaching the observation level in form of
hadrons

∑

EH is measured with the hadron calorimeter.
The fraction of surviving energy in form of hadrons is
defined asR =

∑

EH/E0. The attenuation lengthλE

is then defined as

ΣEH = E0 exp

(

−

X

λE

)

or R = exp

(

−

X

λE

)

. (1)

In contrast to methods using the electromagnetic shower
component, the present work focuses directly on mea-
surements of hadrons to derive an attenuation length for
this shower component. The values obtained are not a
priori comparable to other attenuation lengths, given in
the literature since they are based on different defini-
tions. It should be noted that the experimentally obtained
attenuation length is affected by statistical fluctuations
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Fig. 6: Attenuation lengthλE as function of estimated
primary energy. The light and heavy groups in the
measurements are compared to simulations for primary
protons and iron-induced showers using CORSIKA with
the hadronic interaction model QGSJET 01 (top) and a
modified version with lower cross sections and higher
elasticity (bottom, model 3a in Ref. [32]).

during the development of the showers. However, in the
present work we do not attempt to correct for this effect.

Measured values ofλE are shown in Fig. 6. Using a
cut in theNe−Nµ plane the data have been divided into
a ”light” and ”heavy” sample, the corresponding values
for λE are depicted as well in the figure. Also predic-
tions of air shower simulations for primary protons and
iron nuclei, using the interaction code QGSJET 01 and a
modified version with lower cross sections (model 3a in
Ref. [32]) are shown. A closer inspection reveals that at
high energies theλE values of the ”light” data selection
are greater than the values for proton induced showers
according to QGSJET 01. This is an unrealistic behavior.
Lowering the inelastic hadronic cross sections by about
5% to 8% changes the situation, see lower panel. The
predicted values for protons are now above the values for
the ”light” selection. This demonstrates the sensitivity of
the observableλE to hadronic cross sections applied in

the simulations.

VII. C ONCLUSIONS

Quantitative tests of hadronic interaction models im-
plemented in the CORSIKA program have been per-
formed with KASCADE-Grande air shower data in the
energy range1014

− 1017 eV. They indicate that the
model EPOS 1.61 is not compatible with air shower
data — the new version EPOS 1.9 is presently under
investigation. Predictions of the model QGSJET II-2,
in particular the hadron-electron correlations are not
compatible with measured values. Presently, the most
consistent description of all air shower observables
as obtained by the KASCADE-Grande experiment is
achieved by the interaction models QGSJET 01 and
SIBYLL 2.1.

The newly introduced method to measure an attenua-
tion length of hadrons is in particular sensitive to inelas-
tic hadronic cross sections applied in air shower simula-
tions. A comparison of values predicted by QGSJET 01
to measured values suggests that the inelastic cross
sections in QGSJET 01 are slightly too large. A version
with 5% to 8% smaller cross sections is more compatible
with the measurements.

REFERENCES

[1] R. Engel. Nucl. Phys. B (Proc. Suppl.),151 (2006) 437.
[2] D. Heck et al. Report FZKA 6019, Forschungszentrum Karl-

sruhe, 1998.
[3] T. Antoni et al. Nucl. Instr. & Meth. A,513 (2003) 490.
[4] J. Engler et al. Nucl. Instr. & Meth. A,427 (1999) 528.
[5] S. Plewnia et al. Nucl. Instr. & Meth. A,566 (2006) 422.
[6] T. Antoni et al. Astropart. Phys.,14 (2001) 245.
[7] H. Fesefeldt. Report PITHA-85/02, RWTH Aachen, 1985.
[8] A. Fasso et al. CERN-2005-10, INFN/TC-05/11, SLAC-R-773,

2005.
[9] A. Fasso et al. arXiv:hep-ph/0306267, 2003.

[10] W. Apel et al. J. Phys. G: Nucl. Part. Phys.,34 (2007) 2581.
[11] Geant 3.21 detector description and simulation tool. CERN

Program Library Long Writeup W5013, CERN, 1993.
[12] W. Apel et al. J. Phys. G: Nucl. Part. Phys.,36 (2008) 035201.
[13] W. Apel et al. submitted to PRD, (2009).
[14] J. R. Hörandel et al. Nucl. Phys. Proc. Suppl.,75A (1999) 228.
[15] J. Hörandel. Proc. 26th Int. Cosmic Ray Conf., Salt Lake City,

1 (1999) 131.
[16] T. Antoni et al. J. Phys. G: Nucl. Part. Phys.,25 (1999) 2161.
[17] N. Kalmykov et al. Nucl. Phys. B (Proc. Suppl.),52B (1997)

17.
[18] J. Engel et al. Phys. Rev. D,46 (1992) 5013.
[19] R. Engel et al. Proc. 26th Int. Cosmic Ray Conf., Salt Lake City,

1 (1999) 415.
[20] J. Milke et al. Acta Physica Polonica B,35 (2004) 341.
[21] J. Milke et al. Proc. 29th Int. Cosmic Ray Conf., Pune,6 (2005)

125.
[22] K. Werner. Phys. Rep.,232 (1993) 87.
[23] H. Drescher et al. Phys. Rep.,350 (2001) 93.
[24] J. Ranft. Phys. Rev. D,51 (1995) 64.
[25] K. Werner, et al. Phys. Rev. C,74 (2006) 044902.
[26] T. Pierog et al. Proc. 30th Int. Cosmic Ray Conf., Merida, 4

(2008) 629.
[27] T. Pierog et al. arXiv:astro-ph 0611311, 2006.
[28] T. Pierog et al. Proc. 31th Int. Cosmic Ray Conf., Lodz, (2009)

in press.
[29] S. Ostapchenko. astro-ph/0412591, 2005.
[30] S. Ostapchenko. Phys. Rev. D,74 (2006) 014026.
[31] S. Ostapchenko. Nucl. Phys. B (Proc. Suppl.),151 (2006) 143

and 147.
[32] J. Hörandel. J. Phys. G: Nucl. Part. Phys.,29 (2003) 2439.


